The water budget of the Bangkok Metropolis system was analyzed using a material flow analysis model. Total imported flows into the system were 80,080 million m 3 per year (Mm 3 y 
INTRODUCTION
Thailand's urbanization and industrialization have required a drastic increase in water demand, leading to water problems in terms of both quantity and quality, especially in the lower Chao Phraya River Basin, where the mega city of Bangkok is located (Hussey ; Muttamara & Sales ; Visvanathan & Cippe ; Pasda et al. ). As one of the largest cities in Asia, Bangkok consumes great quantities of water and generates a large amount of wastewater. This reflects an inefficiency of wastewater management (Visvanathan & Cippe ; Vagneron ; Honda et al. ) . Discharge of untreated effluents from various sources (domestic, industrial, agricultural, and from aquaculture) in Bangkok has caused critical pollution of water sources located in the metropolis. According to the water quality monitoring of the Bangkok Metropolitan Administration (BMA Department of Environment ), the concentrations of two water quality indicators, biochemical oxygen demand (BOD) and dissolved oxygen (DO), averaged over the 286 observed stations in 162 canals across Bangkok in 2013, were 10.3 and 2.1 mg L -1 , respectively. Highly polluted water from these canals eventually flowed into the lower Chao Phraya River and contributed to poor river water quality (Singkran ) .
Aside from water pollution, flooding in the wet season and a water shortage in the dry season have also been critical events in Bangkok. During the wettest months (AugustOctober), many areas in Bangkok Metropolis can be flooded easily after only a few hours of heavy rain, or by receiving floodwater from elevated areas. This is due to poor flows of floodwater through the clogged and inadequate drainage systems (canals and conduits) across the metropolis. The most devastating flood in Bangkok happened in 2011 (see details in Singkran & Kandasamy ) . This mega-flood affected more than a million households in 42 of the 50 districts of Bangkok Metropolis. There were 133 deaths during the flood and 64,551 people were evacuated to 184 temporary shelters provided by the BMA (Bangkok Fire and Rescue Department ). During the driest months (FebruaryApril) of 2016, the BMA () reported that Bangkok faced a high risk of water shortages as a result of low water volumes in the major dam reservoirs (e.g., Bhumibol, Sirikit, and Pa Sak Jolasid dams) located at the upper Chao Phraya River Basin. The eastern and western areas of Bangkok suffered a high risk of water shortages for consumption (in four districts), water shortages for agriculture (seven districts), saltwater intrusion into agricultural and livestock areas (five districts), road collapse (two districts), and grass fires (16 districts).
Water resources are an important key driver for socioeconomic development and urbanization, particularly in a big city. The objectives of this study thus were to: (1) analyze the water budget of the Bangkok Metropolis system in terms of tap water (TW) production and consumption, water services for human activities inside the metropolis, and wastewater generated from these activities; and (2) provide suggestions for specific water-related activities to save water and reduce water pollution in the metropolis system.
MATERIALS AND METHODS

Study area and land use activity
Bangkok was established as the capital of Thailand in 1782, and now comprises 50 administrative districts governed by a special local administrative system (the BMA Nonthaburi and Pathum Thani provinces in the north, Chachoengsao Province in the east, Nakhon Pathom and Samut Sakhon provinces in the west, and Samut Prakan Province and the Gulf of Thailand in the south. The Chao Phraya is a major river in the study area. Its lower portion extends from Nonthaburi's Bang Kruay District through Bangkok to Samut Prakan Province before discharging into the Gulf of Thailand (Figure 1 ). The mean flow of water in the Chao Phraya River is 2,000-2,500 m 3 per second (s -1 ), but it may reach 4,000 m 3 s -1 during periods of heavy rain (PCD ).
The Bangkok Metropolitan population has grown, drastically with high demands on resources, goods, and public utilities. The number of Bangkok's permanent residents (registered people) was 5,696,409 in 2015 (DOPA ). This figure excludes commuters who work in Bangkok during the day and leave the city in the evening, and a number of people whose households are unregistered in the BMA's system. At least eight million people have been Eight groups of land use (LDD ) were categorized in this study including urban and built up areas (62.4%), industrial areas (2.1%), paddy fields (14.8%), other agricultural areas (3.4%), aquaculture (7.9%), forests (0.2%), miscellaneous areas (6.4%), and water bodies (2.8%).
Water budget analysis
This study focuses on the surface water budget of Bangkok Metropolis, where groundwater in and around the metropolis is restricted because its condition has been critical due to pollutant contamination and excessive water withdrawal that led to land subsidence (Visvanathan & Cippe ; Kruawal et al. ) . As a result, the main water source for consumption in Bangkok and suburbs is currently surface water. The analysis was based on the assumption that surface runoffs in Bangkok Metropolis (e.g., precipitation, canal water, effluents from both point and non-point sources, and runoffs from watering green areas) flowed into the portion of the lower Chao Phraya River that is located within the metropolis (Figure 2) . The BMA's water sources for watering public green areas of about 35 km 2 (2% of the total metropolis area, BMA Department of Environment ) are (1) treated wastewater from the BMA's plants and (2) freshwater from both manmade (e.g., ponds, ditches, small reservoirs) and natural sources (e.g., canals and lagoons) that are scattered across Bangkok, especially on the eastern side of the metropolis (a BMA officer's personal communication). Thus, only the exchange flows of water between the lower river portion and major water-related activities in the metropolis were analyzed.
Figure 2 | Water budget analysis of the Bangkok Metropolis system comprising major water-related activities, i.e., tap water production (1-4), water consumption (5-6, 9-11), and wastewater generation from both point (5-6, 9-10) and non-point (11) sources.
Material flow analysis (MFA) was used to quantify and delineate the amounts of water consumption and wastewater generated from major water-related activities in the Bangkok Metropolis. MFA is a systematic assessment of flows and stocks of materials within a system in space and time. It is used as a decision-support tool in resource, waste, and environmental management (Brunner & Rechberger ) . The spatial boundary of the MFA model for Bangkok's water budget covers a total area of 1,569 km 2 , which comprises 50 administrative districts, and the model's temporal boundary for quantifying all flows (imports, flows among processes within the system, and exports) is one year (from 1st January to 31st December).
Major water-related activities (in terms of processes and stocks) and relevant flows are illustrated in Figure 2 . In the MFA, a process is defined as a transport, transformation, or storage of materials. Processes are linked by flows of materials. A stock is a material reservoir within a process (Brunner & Rechberger ) . The rate of stock exchange (delta stock) may occur in some processes. STAN 2.5 program version 2.5.1302 (Kovacs et al. ) was used to develop the MFA model for the water budget of the Bangkok Metropolis system. The system's major processes and relevant flows (Figure 2 ) are described below.
Raw water collection
The Metropolitan Waterworks Authority (MWA) is responsible for seeking raw water to produce TW for serving Bangkok, Nonthaburi, and Samut Prakan provinces. Two sources of raw water are the Chao Phraya and Mae Klong rivers. To collect raw water from the Chao Phraya River, the MWA installed the Samlae Water Pumping Station in Pathum Thani Province (located about 41 km north of Bangkok). This station pumps about 4.5 million m 3 per day (Mm 3 d -1 ), or 1,642.5 Mm 3 y -1 , of raw water (RW1, Figure 2) from the Chao Phraya River into the MWA's East Canal to supply the three water treatment plants located in Bangkok. Meanwhile, the MWA built the Tamuang water intake structure to draw raw water from the Mae Klong River in Kanchanaburi Province (west of Bangkok). The maximum amount of 3.8 Mm 3 d -1 of raw water flows (by gravity from the source) through the intake structure to the MWA's West Canal Phase 2, where the Banglen Water Pumping Station is located. The total distance of the raw water transportation from the Tamuang water intake structure to the Banglen Water Pumping Station is 72 km. To save energy and budget for water pumping, the raw water is diverted by gravity from the West Canal Phase 2 through a recently constructed bypass canal to the MWA's West Canal Phase 1. However, the bypass canal will be inapplicable if the flow rate of raw water in the West Canal Phase 2 is more than 20 m 3 s -1 . In this case, the Banlen Water Pumping Station will be used to pump the raw water from the West Canal Phase 2 into the West Canal Phase 1. About 3.2 Mm 3 d
-1
(1,168 Mm 3 y -1
) of raw water (I2, Figure 2 ) will be transported through the West Canal Phase 1 (which is 35 km long) to the Mahasawat Water Treatment Plant located in Nonthaburi's Bang Kruay District (MWA ).
Water treatment plants
According to the totals of raw water, amounting to 2,810.5 Mm 3 y -1 (RW3) and the recycled wastewater amounting to 36.5 Mm 3 y -1 (RW2, Figure 2 ) from the Bang- (Figure 2 ).
This happened because any sector (i.e., residential, governmental, or public sector) in the domestic area often stocks some amount of TW for consumption in any unusual events, such as during water shortages.
Wastewater and treatment
The major sources of wastewater in Bangkok were from domestic (residential, governmental, and public sectors) and business (industrial and commercial sectors) areas. untreated domestic wastewater (UDWW) from all possible sources, including infiltration from sewer pipes and exfiltration, was discharged into the Chao Phraya River. Additionally, the PCD (unpublished data) estimated that about 610 Mm 3 y -1 of wastewater from the business area (UBWW) was also discharged into the river without treatment (Figure 2 ).
Water-related activities
Although the major land use group in Bangkok is urban and built up areas, agricultural activities are observed in outer Bangkok, including swine farming, aquaculture, and paddy fields. These activities also need water. Figure 2 ) was needed to fill these areas for freshwater farming. The total runoff from aquaculture activity (AQW, Figure 2) Figure 2 ) were needed per year for growing rice in the off-season paddy fields. The PCD (unpublished data) estimated that the runoff from paddy fields (PAW, Figure 2) ) in the lower river portion that runs through Bangkok.
RESULTS AND DISCUSSION
The water budget and major water-related activities of the Bangkok Metropolis system were delineated using the MFA model (Figure 2) . The important quantified flows and the rates of stock exchange (delta stocks) of the relevant processes in the system are summarized in Figure 3 . Overall, the total flows of 80,080 Mm 3 y -1 imported into the metropolis system were delineated in terms of (1) transferred from the National Housing Authority. At present, the BMA is building four more water quality treatment plants to increase wastewater treatment capacity by 248 Mm 3 y -1 (BMA Department of Drainage and Sewerage ). After these four plants are finished, the total capacity for treating wastewater will be 663 Mm 3 y -1 or 52.8% of the total wastewater currently generated in Bangkok (i.e., still insufficient). Additionally, if the BMA does not improve the efficiency of wastewater collection, there is no guarantee that the BMA will be able to collect all the wastewater to the maximum capacity of the plants.
To increase the wastewater collection efficiency across Bangkok, major problems need to be considered. First, the BMA currently uses the same conduits for collecting wastewater and storm water. This allows a large amount of storm water to mix with wastewater during and after rainy periods. The mixed waters are collected and sent to the BMA's water quality treatment plants. The ratio between storm water and domestic wastewater mixed in the same conduits is unknown. Overflows of the mixed waters often discharge into canals located in the metropolis and eventually empty into the lower Chao Phraya River. Furthermore, water in some canals flow backwards into wastewater conduits and reduce the conduits' capacity to collect wastewater for treatment ( JICA et al. ). To fix these problems, the BMA should build wastewater conduits that are separated from the flood water conduits, with a better design and lining, so that canal waters will not flow into the wastewater conduits as currently happens. The re-construction will consume considerable time and budget because there are many canals and lengthy conduits across Bangkok, i.e., about 1,682 canals and conduits with a total length of 6,368 km (BMA Department of Drainage and Sewerage ).
Second, it has been observed that some wastewaters are untreated even in areas where a wastewater treatment service is available. Instead, these wastewaters are directly discharged into canals or drainage systems without treatment. This may be due to poor and insufficient connections of conduits (for collecting community wastewater) with the collection systems in those areas. In addition, the wastewater collection systems seem to be insufficient or poorly maintained. Third, the BMA has not received good cooperation from communities and the business sector, which are major point sources of wastewater, for maintaining the water quality in canals and public water sources. Consequently, untreated wastewater from these sources is discharged into water sources nearby instead of into the BMA's conduits (JICA et al. ) . Other than wastewater collection improvements, law enforcement and environmental awareness campaigns need to be implemented in parallel across Bangkok. Domestic areas and industrial and commercial activities are major point sources of wastewaters in the Bangkok Metropolis, whereas paddy fields are major non-point sources of wastewaters from agricultural activity (Figure 2) . It is obvious that major sources of domestic wastewater in the metropolis are residential areas, restaurants, hotels, dormitories, markets, and department stores, which are crowded and mostly located along the riversides of the lower Chao Phraya. Poor water quality was observed in this river section, with high concentrations of total phosphorus, fecal coliform bacteria (FCB), and suspended solids, and low concentration of DO. Additionally, water pollutants from non-point sources are most likely to have a strong influence on water quality during the wet season with its high runoff (Singkran ) . Class 4 surface water (poor: BOD 4 mg L
, DO 2 mg L -1 , FCB 4,000 MPN/100 mL) is specified for the lower Chao Phraya River (PCD ). However, the mean observed concentrations of these parameters in the lower river portion often did not meet their specified values for water at class 4 (Singkran , ). According to the relevant acts, laws, and standards for pollution control in Thailand, wastewaters from factories and commercial buildings should be treated before discharge into natural water sources, and they may contain concentrations of BOD between 20 and 200 mg L -l depending on the building sizes and types of industry or business (PCD ). However, there is no standard to control wastewater discharge from a residential community with less than 100 units (National Environment Board ). To manage domestic wastewaters, Honda et al. () suggested that the following measures should be taken by national and/or local government: (1) application of standards on wastewater discharge regardless of community size, which enables control of wastewater from small residential communities, and (2) monitoring of discharged water, which enforces the proper management and maintenance of wastewater treatment facilities in the communities. To improve the entire water system of Bangkok Metropolis, this study suggests that multiple measures should be used simultaneously to reduce wastewater generation from both point and non-point sources. For instance, on-site wastewater treatment plants for residential areas should be installed with the support of government agencies (e.g., PCD or BMA). People's awareness of water pollution and corporate social responsibility for maintaining water sources in good condition should be promoted or added as a mandatory part of all wastewater-related activities (Singkran ) in the metropolis. Currently, there are no regulations or standards to control the quality of wastewater discharged from small-scale aquaculture (<10 rais per owner) and swine farms (<500 pigs per farm). Urban planning and land use zoning are thus suggested to control land use activities in the metropolis, especially along the banks of the Chao Phraya River. The discharge of wastewater from various land uses may threaten the quality of surface water and poses varying degrees of danger to water resources (Seeboonruang ) .
Paddy fields, which are mainly located in eastern Bangkok, appear to be a major non-point source of wastewater in Bangkok (Figure 1 ) as they are throughout the Chao Phraya River Basin (PCD ). However, it might be difficult to control wastewater from paddy fields because there is no relevant regulation to be implemented, and rice is one of Thailand's major exports. Thus, green technology support and environmental promotion should be provided to reduce wastewater from farming (Parris ; Saktaywin ) by using less fertilizer and chemicals. Of the total area of paddy fields (348,209,600 m 2 ) in Bangkok, about half was off-season rice farming that requires higher amounts of water, chemicals, and fertilizer during each crop season. The frequency of rice farming outside its major season should be minimized to avoid intensive discharge of fertilizers, pesticides, and drainage water from the paddy fields into water sources (Singkran ).
CONCLUSIONS
The imported, internal, and exported flows of the water system of the Bangkok Metropolis were delineated using the MFA model. Overall, the total imported flows into the metropolis were 80,080 Mm 3 y -1 . Total exported flows out of the system were 78,528 Mm 3 y -1 . The delta stocks within the system were 1,552 Mm 3 y -1 . These occurred in the processes of water recycling, TW distribution, domestic use, swine farming, aquaculture, and paddy fields. A large amount (1,255 Mm 3 y -1 ) of wastewater was generated within the system. The BMA's total plant treatment capacity is about 415 Mm 3 y -1 of wastewater, and only 21% of the total amount of wastewater was collected for treatment in 2015. Thus, not only wastewater treatment capacity but also the efficiency of wastewater collection has to be improved. Domestic and business areas were major point sources of wastewater in Bangkok, whereas paddy fields were the major non-point source from agricultural activities.
This study suggests that multiple measures should be used simultaneously to reduce wastewaters generated from both point and non-point sources in the system of Bangkok Metropolis. For instance, on-site wastewater treatment plants for residential areas should be installed and people's awareness of water pollution and corporate social responsibility for maintaining water sources in good condition should be promoted or added as a mandatory part of all wastewater-related activities. Urban planning and land use zoning are suggested to control land use activities in Bangkok, especially along the banks of the Chao Phraya River. Green technology support and environmental promotion should be provided to reduce wastewater from farming by using less fertilizer and chemicals.
